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Here we demonstrate how a Flp recombinase-based tagging system can be used to link temporally distinct developmental
events in the mouse. By directly following Flp-mediated DNA rearrangements we have analyzed the adult expansion of
embryonic neural progenitors which transiently express the signaling factor Wnt1. We report Wnt1 promoter activity in
embryonic cells that give rise to aspects of the adult midbrain, cerebellum, spinal cord, and dorsal root ganglia. These
findings show that cells transiently expressing Wnt1 play more than an inductive role during early brain regionalization,
giving rise to distinct adult brain regions as well as neural crest derivatives. Moreover, these results reveal two new features
of the Flp–FRT system: First, Flp(F70L) can effectively recombine target sites (FRTs) placed in an endogenous locus in a
variety of tissues in vivo, despite previous in vitro evidence of thermolability; and second, Flp(F70L) action can be
predictably and tightly regulated in the mouse embryo, making it suitable for fate mapping applications. A further advantage
of the Flp–FRT system is that marked lineages can ultimately be combined with germline mutations and deficiencies
currently being generated using the Cre–loxP recombination system—in this way it should be possible to analyze mutant
gene activities directly for their effect on cell fate. © 1998 Academic Press
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INTRODUCTION
Site-specific recombinases can delete DNA lying between
directly repeated target sites engineered into the genomes of
plants, flies, or mice (Lakso et al., 1992; Orban et al., 1992;
Kilby et al., 1993; Dymecki, 1996a) (Fig. 1a). Because such
deletions are stably inherited by progeny cells without
requiring continued recombinase activity, descendants of
recombinase-expressing cells are genetically marked. There-
fore, regardless of cell migration or morphogenetic move-
ments, a link can be forged between two temporally sepa-
rated developmental events—early and transient recombi-
nase expression in embryonic progenitor cells and later
contribution of progeny cells to various adult tissues (Fig.
1b). This fate-mapping paradigm (O’Gorman et al., 1991)
has recently been exploited in the mouse using the Cre-loxP
system; Zinyk et al. (1998) mapped the adult fate of En2-
expressing neural progenitors which originated from the
midbrain–hindbrain constriction during embryonic days
9–12 (Zinyk et al., 1998). Here we show that the site-
specific recombinase Flp can be similarly employed to fate
map embryonic cell populations; more specifically we have
used Flp to analyze the expansion of those neural progeni-
tors which transiently express the signaling molecule Wnt1
(Fig. 1b). Development of the Flp–FRT system to study cell
deployment during embryogenesis should represent an ad-
ditional valuable fate-mapping tool, as Flp-marked pro-
genitor/progeny cells can be studied in the context of
Cre-induced mutations (Gu et al., 1994; Rossant and Nagy,
1995) or deficiencies (Ramirez-Solis et al., 1995), yielding
high-resolution studies of gene function.
To track or collate the adult expansion of cells which
transiently expressed Wnt1, we have used the tm1Cwr
allele (Tomasiewicz et al., 1993) of Ncam as a Flp substrate
(Fig. 1c). Exon 18 of tm1Cwr has been replaced with a
b-actin::neo cassette flanked by directly repeated Flp re-
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combinase target sites (FRTs) such that Flp-mediated dele-
tion of neo can be readily detected by PCR or Southern
hybridization. This allele is also developmentally neutral
when carried over the wild-type (wt) allele (Tomasiewicz et
al., 1993), allowing the DNA rearrangement to serve as a
benign lineage tag. Because the tm1Cwr harbors two FRT
sites we refer to the allele as FRT2; we denote the product of
Flp-mediated excisional recombination as D, for “deleted.”
To track Wnt1 descendants, we generated mice expressing a
Wnt1::Flp transgene and crossed them to FRT2 mice to yield
compound mice (FRT2/1; Wnt1::Flp) in which Flp could act
on the FRT2 target allele; following activation of Wnt1
expression and Flp, cell populations which had undergone
excision were identified in dissected embryonic and adult
tissues and their initial distribution and later expansion
were determined.
MATERIALS AND METHODS
Molecular Detection of Flp-Induced Mosaicism
To analyze mosaicism, compound (FRT2/1; Flp) embryos and
adults were first identified by PCR genotyping of yolk-sac, limb
bud, and/or tail lysates essentially as described (Dymecki, 1996a).
DNA isolates from various tissues of compound animals were then
subjected to PCR or Southern blot detection of FRT2, D, and wt.
Genotyping primers and amplification conditions were as follows:
hACTB: :F lp and Wnt1 : :F lp , pr imer 24 , 5 9 -CTAAT-
GTTGTGGGAAATTGGAGC-39 , and 25, 5 9 -CTCGAG-
GATAACTTGTTTATTGC-39, cycling at 94°C for 1 min, 66°C for
1 min , and 72°C for 1 min ; FRT 2 , pr imer 91 , 5 9 -
CTGTGCTCGACGTTGTCACTGAAGC-39 ; and 92, 59-
CGGCAAGCAGGCATCGCCATGGGTC-39, cycling at 94°C for 1
min, 60°C for 1 min, and 72°C for 1 min. Primers to detect target
gene deletions were 74, 59-CAGTGTTGCTAAGACCACTTAGT-
39; and 78, 59-CGGCTCCTGGCCAAAGGTGGAAG-39; amplifica-
tion conditions were 40 cycles of 95°C for 1 min, 60°C for 1 min,
and 72°C for 3.5 min.
Southern blot analyses involved subjecting genomic DNA to
BamHI digestion, gel electrophoresis, immobilization to nitrocel-
lulose, and hybridization to radiolabeled DNA probe 1 (random
primed (Feinberg and Vogelstein, 1993) to specific activity of 2–5 3
108 cpm/mg; see Fig. 1c). Quantification of radioactivity in specific
bands was performed with a Molecular Dynamics PhosphorImager.
Percentages of D alleles were calculated by subtracting background
radioactivity from the activity measured in the FRT2 and D bands,
adding the remaining activity and setting to 100%, and calculating
the proportion of D alleles.
Transcript Detection
For RNA detection, transgenic embryos were first identified by
PCR of yolk-sac DNA (Dymecki, 1996a) and then subjected to
whole mount in situ hybridization using single-strand digoxigenin-
UTP-labeled RNA probes (Wilkinson, 1992). For Northern blot and
RT–PCR analyses, fresh tissue was homogenized in 6 M guani-
dinium isothiocyanate and RNA isolated using acid:phenol (Chom-
czynski and Sacchi, 1987). Total cellular RNA (20 mg) was either
separated and assayed for hybridization to Flp sequence (probe 3) or
reverse transcribed (1 mg), amplified, and detected by Southern
hybridization. Flp cDNAs were synthesized (Superscript preampli-
fication system for first strand cDNA synthesis, GIBCO/BRL) using
the gene-specific primer 43, 59-CGGATCAACGTTCTTA-
ATATCGC-39; alpha 4 tubulin cDNAs, using random hexamers.
Amplification (40 cycles of 95°C for 1 min, 52°C for 1 min, and
72°C for 1.5 min) was carried using the following primers:
Wnt1::Flp, primer 29, 59-GACAGCAACCACAGTCGTCAG-39;
and primer 72, 59-CCCAAGCAGGAATCAATTTC-39; alpha-4-
tubulin, 59-GAGGCGGCCGCTATAATGAAGCCACAGGTG-39
and 59-GAGGCGGCCGCACAGAGTCAACCAACTCAG-39
(Freytag and Geddes, 1992). Flp-specific products were detected by
Southern hybridization to 32P-labeled oligo 73 (59-GGA-
ACAGCAATCAAGAGAGC-39).
Flp Transgenics
To generate the Wnt1::Flp transgene, the 2-kb SalI fragment
from pFlp(F70L) (Dymecki, 1996b) was inserted into the EcoRV site
of pWEXP2 (Echelard et al., 1993). To produce transgenic mice,
transgenes were purified away from plasmid sequences and injected
into fertilized eggs from B6SJLF1 3 B6SJLF1 mice (Hogan et al.,
1994).
RESULTS
The Target Allele FRT2 Serves as an Effective Flp
Substrate and Heritable Tag
To show that FRT2 was an effective substrate for Flp-
mediated recombination and the proposed fate mapping
experiments, we first introduced Flp by crossing to a trans-
genic mouse strain that expresses Flp under the control
of the broadly expressed human b-actin promoter,
TgN(hACTB::Flp) (Dymecki, 1996a). Southern analysis
of DNA isolates from F1 compound animals (FRT2/1;
hACTB::Flp) revealed D alleles in ;75% of the cells in heart
and skeletal muscle, 60% in kidney, 30% in brain (Fig. 1d,
lanes 7–10), and ;100% of tail cells (Fig. 1d, lane 13). These
percentages were found to correlate directly with Flp tran-
script levels for each tissue, Flp mRNA being abundant in
heart and skeletal muscle and low in liver (data not shown
and (Dymecki, 1996a)). Notably, the efficiency of Flp-
mediated recombination of the single copy FRT2 locus (e.g.,
;75% in skeletal muscle) was found to be better than our
previously reported results (Dymecki, 1996a) using a mul-
ticopy transgene array as substrate (e.g., only ;30% in
skeletal muscle). We also detected recombination in germ
cell lineages, because stable D/FRT2 animals were produced
in the F2 generation independent of further Flp activity
(representative example Fig. 1d, lane 17). Moreover, both
FRT2 alleles can undergo efficient recombination in the
same cell; this conclusion stems from our detecting princi-
pally D alleles in tail cells (Fig. 1d, lanes 15 and 16) isolated
from a number of F2 (FRT2/FRT2; hACTB::Flp) littermates.
Together these results indicate that the FRT2 allele is
accessible to recombinase activity in germline as well as
somatic cells, and establish somatic in vivo Flp-mediated
recombination between direct FRT repeats placed in an
endogenous mouse gene.
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Flp Expression Can Be Restricted
to a Wnt1 Pattern
Having confirmed that the FRT2 allele serves as a good
Flp substrate in a wide range of cell types, we investi-
gated whether similar gene deletions could be produced
in a restricted set of cells following targeted and transient
expression of Flp in the embryo. Using transcriptional
regulatory sequences from Wnt1 (Echelard et al., 1993,
FIG. 1. Strategy for using Flp-mediated deletions to map cell fate. (a) Recombination between direct FRT repeats results in deletion of
intervening DNA. Black triangle represents a 48-bp FRT site (Dymecki, 1996b); black line, chromosomal DNA. Excised DNA is circularized and
lost. (b) Binary scheme for targeting Flp-induced mosaicism to map fate of Wnt1-expressing cells. Each grid represents a mouse, and is cartooned
developing from an early embryo (T1) to adult (T4). The left column illustrates a mouse line expressing Flp in the restricted and transient pattern
of endogenous Wnt1 (small black squares); the middle column (light gray), a mouse line harboring an engineered FRT-containing target gene. Fate
mapping involves crossing these two stocks to produce progeny heterozygous for the target and which carry Wnt1::Flp, column on right.
Flp-induced mosaicism (D
1
/FRT
1
; blue/light gray) is detected in DNA isolates from dissected tissues and is used to link Wnt1 promoter activity in
progenitor cells (black squares) to a pattern of fates these cells and their descendants adopt in the adult (blue squares). (c) Southern hybridization
and PCR strategies to distinguish FRT2, D, and wild-type (wt) alleles. BamHI (B) fragments containing exons 16–19 (gray rectangles) and adjacent
genomic regions are shown. Hybridization probes are represented by numbered lines; PCR oligonucleotides by half arrows. In the target FRT2
allele, exon 18 has been replaced by a 3 kb b-actin::neo gene flanked by two direct repeats of a 48-bp FRT site (black triangles) (Tomasiewicz et
al., 1993). Upon BamHI digestion the FRT2, wt, and D alleles yield fragments of 5.9, 5.3, and 3 kb, respectively; PCR amplification using primers
74 and 78 yield products 3.6, 3, and 0.7 kb. The neo-specific primers, 91 and 92, amplify only FRT2. Although referred to as D for convenience,
genetic nomenclature dictates that the recombined target allele be symbolized as Ncamtm3C1W. (d) Detection of mosaicism following broad
expression of Flp using a hACTB::Flp transgene. Southern blot analysis using probe 1 on BamHI-digested genomic tissue DNA (10 mg). Lanes 1–6,
DNA isolated from brain, heart, muscle, kidney, liver, and testes, respectively, from an FRT2/1 mouse; lanes 7–13, DNA isolated from brain,
heart, muscle, kidney, liver, testes, and tail, respectively, from an F1 compound (FRT2/1; hACTB::Flp) littermate; lanes 14–18, DNA extracted
from tails of intercross (FRT2/1; hACTB::Flp 3 FRT2/1; hACTB::Flp) progeny. Fragments derived from the FRT2, wt, and D alleles are indicated.
Plus (1) sign denotes presence of the hACTB::Flp transgene; open arrow (.) denotes nonspecific hybridization independent of Flp. Deleted (D)
alleles were not detected in the absence of Flp. The wt allele serves as a loading control. Lanes 15 and 16 reveal homozygous gene deletions in
F2 progeny which inherited hACTB::Flp; lane 17, germline transmission of D allele independent of Flp.
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FIG. 2. Transgenic mice express Flp in a Wnt1 pattern. (a) Structure of Wnt1::Flp transgene. SalI fragment from pWEXP2 containing Wnt1
genomic DNA (Echelard et al., 1993) is shown in black; open rectangles, Flp coding and SV40 polyadenylation sequence (Dymecki, 1996b;
O’Gorman et al., 1991); dashed line, intron. Probes used for Northern and in situ hybridization of Flp mRNAs are indicated by bars 3 and
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1994), we generated seven independent transgenic mouse
lines; three showed Flp expression in the pattern of
endogenous Wnt1 (Bally-Cuif et al., 1992; Wilkinson et
al., 1987) and four were completely devoid of expression.
Characterizing two of the positive Wnt1::Flp lines by
whole mount in situ hybridization, Northern analyses,
and RT–PCR showed that Flp transcripts were initially
restricted to the embryonic mesencephalon, dorsal my-
elencephalon, and spinal cord, and by 11.5 dpc were also
observed in the rhombic lip and caudal diencephalon (Fig.
2). Flp mRNA was not detected outside the developing
nervous system nor in adult tissues. Expression of Flp
under the control of these Wnt1 promoter/enhancer
sequences therefore mirrored, with high fidelity, the
characteristic spatial and temporal expression pattern of
Wnt1; we speculate, however, that Flp mRNA may be
present at lower levels than endogenous Wnt1 because a
5- to 10-fold longer histochemical development was
required during in situ detection. These findings show
that Flp can be predictably regulated by heterologous
sequences without interference by sequences within
the Flp transgene itself; consequently, most standard
transgenic or knock-in methods can likely be used to
express Flp.
Regulated Gene Deletion Following Transient and
Restricted Wnt1::Flp Expression
To determine whether Flp activity (like Flp mRNA) was
restricted to the transcript-positive neural tube, we looked
directly for Flp-mediated recombination events in embryos
(10 dpc) from matings of FRT2/1 females with Wnt1::Flp
males. Recombination was detected using flanking PCR
primers which readily distinguish the deleted allele (D) from
the target (FRT2) and wt alleles (primers 74 and 78, Fig. 1c).
Paralleling the Wnt1::Flp expression pattern, gene deletion
events were found to be restricted to neural tube-containing
tissue isolated from compound (FRT2/1; Wnt1::Flp) em-
bryos (Figs. 3a and 3b); recombined D alleles were not
observed in limb buds or viscera. These results provide a
contrast to published observations with some Cre transgen-
ics where the pattern of recombinase activity exceeds the
transcript or reporter profile (Betz et al., 1996). The conse-
quence in those cases has been recombination in unex-
pected tissues.
Wnt1 Descendants Expand to Populate Distinct
Regions of the Adult Nervous System
Next we assessed whether this Flp-induced mosaicism in
the embryo could be detected later in the adult. Deleted
alleles detected in compound (FRT2/1; Wnt1::Flp) adults
should reflect recombination descendants of embryonic
Wnt1::Flp-positive cells since Wnt1::Flp transcripts were
not detected in adult tissues when assayed using a sensitive
RT–PCR approach (Fig. 2g). Southern analysis of DNA
isolates from compound adults demonstrated that recom-
bined (D) alleles were present in neural tissue (Fig. 3c),
including the cerebellum (lane 5, cortex; lane 6, deep nuclei
and anterior vermal lobules of cortex), midbrain (lane 7),
spinal cord (lane 8), and dorsal root ganglia (lane 9), with the
greatest proportion of recombined alleles in the cerebellum.
This distribution of D alleles was confirmed using a second
independent Wnt1::Flp transgenic line (Fig. 3d), indicating
that the observed mosaicism reflects Wnt1 promoter activ-
ity and not the chromosomal context of a given Wnt1::Flp
transgene.
Our detection of Wnt1-lineages in the adult spinal cord
and dorsal root ganglia is consistent with avian-derived fate
maps for dorsal neuroectoderm: Chimeric studies (Le Doua-
rin, 1982) and vital dye labeling (Bronner-Fraser and Fraser,
1989) show that some dorsally located neural progenitors
remain in the neural tube to form parts of the brain and
spinal cord, while other cells differentiate as neural crest,
migrating away from the neural tube to form a variety of
cell types including dorsal root ganglia (DRG), sympathetic
4, respectively; bar 5, probe to detect endogenous Wnt1. PCR oligonucleotides are represented by half arrows. (b–e) Whole mount in situ
hybridization to Wnt1::Flp (b,d) or endogenous Wnt1 (c,e) transcripts. Representative 8.5–9.0 and 11.5 dpc embryos are shown; open arrows
(.) point to the upper rhombic lip. Flp transcripts required at least 5-fold longer histochemical development than Wnt1 during in situ
detection. Identical results were obtained with both transgenic lines, TgN(Wnt1::Flp)5666 and TgN(Wnt1::Flp)6831. Mesencephalon (mes),
metencephalon (met), myelencephalon (mye), spinal cord (sc). (f) RNA (20 mg) blot analysis using probe 3 to detect Flp mRNA isolated from
Wnt1::Flp.6831 adult tissues. Upper panel, lanes: 1, control RNA from brain of hACTB::Flp transgenic mouse (Dymecki, 1996a); 2, olfactory
bulb; 3, cerebrum and midbrain; 4, cerebellum; 5, brain stem; 6, spinal cord; 7, testes; 8, thymus; 9, spleen; 10, heart; 11, muscle; 12, small
intestine; 13, large intestine; 14, liver; 15, lung; 16, kidney; 17, adrenal glands; 18, skin. Lower panel shows EtBr staining to document RNA
loading. (g) RT–PCR analysis of Flp mRNA isolated from Wnt1::Flp.6831 whole embryos or dissected adult tissues. Top panel, Wnt1::Flp
cDNAs were synthesized from total RNA (1 mg) using primer 43, amplified with 29 and 72, and products hybridized to 32P-labeled primer
73. Lanes: 1, Wnt1::Flp whole embryo (11.5 dpc); 2, 10-fold dilution of Wnt1::Flp embryo RNA into RNA isolated from wild-type
(Flp-negative) embryonic fibroblasts (EF); 3, 100-fold dilution into EF RNA; 4, EF (faint signal is bleed-through from lane 3); 5, adult
cerebrum and midbrain; 6, cerebellum; 7, brain stem; 8, spinal cord; 9, testes; 10, thymus; 11, spleen; 12, heart; 13, muscle; 14, small
intestine; 15, large intestine; 16, liver; 17, lung; 18, kidney; 19, skin. Open arrow (.) indicates amplification from either unspliced mRNA
or contaminating genomic DNA. Lower panel, negative image of ethidium-stained amplification products of alpha-4-tubulin (Freytag and
Geddes, 1992) cDNAs synthesized from same samples as above. Analysis of line TgN(Wnt-1::Flp)5666 showed similar results (data not
shown).
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ganglia (SG), enteric neurons, Schwann cells surrounding
peripheral nerves and neuromuscular junctions, adrenal
chromaffin cells, facial cartilage and bone, and melanocytes
in the skin. To test whether Wnt1 lineages give rise to
neural crest derivatives other than the spinal ganglia iden-
tified here by Southern analysis, we screened the same
DNA isolates using a more sensitive PCR assay and de-
tected additional D alleles in muscle and skin (Fig. 3e, lanes
11 and 17). Since Wnt1::Flp transcripts were not detected in
these tissues (Figs. 2f and 2g), we propose by analogy to the
avian fate maps that the recombined D alleles detected in
muscle reside in neural crest-derived Schwann cells con-
centrated at neuromuscular junctions, and those found in
skin mark neural crest-derived melanocytes. We were un-
able to detect D alleles in intestinal tissue, which contains
enteric neurons (Fig. 3c, lane 13; Figs. 3d and 3e, lanes 12
and 13), or in adrenal tissue (data not shown). One interpre-
tation is that only some neural crest derivatives share a
Wnt1-expressing precursor; it is, however, possible that the
PCR assay is not sufficiently sensitive to identify these
particular neural crest derivatives within bulk tissue
samples. Control reactions demonstrated that this PCR
assay was capable of detecting a single copy of D among at
least 30,000 FRT2 alleles (data not shown).
Given the previously reported results with Cre (Betz et
al., 1996) mentioned above, a concern here is that some of
the D alleles we have detected in compound (FRT2/1;
Wnt1::Flp) adults may, in part, result from ectopic Flp
expression. This is unlikely for two reasons. First, stochas-
tic ectopic Flp expression in the embryo would result in
different adult tissue profiles of D alleles with each cross.
This was not observed because the D profile was quite
reproducible. Second, whether driving expression using
hACTB or Wnt1 sequences, the extent of Flp recombination
always correlated directly with the detected levels of Flp
mRNA. If ectopic Flp expression contributed significantly
to the detected D alleles in the adult, then the transcript and
recombination profiles would not be expected to match.
DISCUSSION
Our findings suggest that Wnt1-expressing cells and their
descendants expand to populate aspects of the adult mid-
brain, cerebellum, spinal cord, dorsal root ganglia (summa-
rized in Fig. 4), and likely other neural neural crest deriva-
tives such as melanocytes and Schwann cells. Indeed, while
identifying the cis-regulatory sequences governing Wnt1
expression, Echelard et al. (1994) constructed a Wnt1::lacZ
transgene that not only labeled cells of the dorsal neural
tube, but also due to perdurance of b-galactosidase activity
transiently (;24 h) marked the early migration of neural
crest out of the neural tube to form spinal ganglia. Our
mosaic analysis extends these findings into the adult.
Because Wnt1 is broadly expressed in the midbrain neural
plate, we were surprised to detect a lower percentage of D
alleles in the adult midbrain compared with the cerebellum
(Fig. 3c, lanes 7 and 5, respectively; Fig. 3d, lanes 6 and 5).
This may simply reflect the level of Flp transcripts in each
primordium since the mid- to hindbrain ratio of Flp mRNA
(Fig. 2b) was lower than the ratio of endogenous Wnt1
mRNA (Fig. 2c). It is also possible that a portion of Wnt1-
expressing cells or their descendants migrate out of the
developing midbrain. Indeed, cell grafting and labeling
experiments show that midbrain neural crest migrates into
the facial mesenchyme and mandibular arch (Echelard et
al., 1994; Noden, 1983; Trainor and Tam, 1995).
Finding Wnt1 descendants in adult cerebellum was of
particular interest, given that the cerebellar primordium
lies on both sides of the mid–hindbrain constriction, and,
therefore, arises from two classically defined neuromeres—
the caudal mesencephalon and the rostral rhombencepha-
lon (Alvarez Otero et al., 1993; Hallonet and Le Douarin,
1993; Hallonet et al., 1990; Martinez and Alvarado-Mallart,
1989). Results from recent gene expression studies together
with chick/quail grafting experiments, however, support
the hypothesis that during early neural tube regionalization
(8.5–9.5 dpc in the mouse and stage HH10 in the chick) the
interneuromeric boundary separating the primordia of mes-
encephalon and cerebellum actually coincides with the
posterior boundary of Otx2 expression, which in fact lies
rostral to the so-called “mid–hindbrain constriction” (Ang
et al., 1994; Millet et al., 1996). It is not until later (10.5 dpc
in the mouse and stage HH18 in the chick) that the caudal
limit of Otx2 expression (Ang et al., 1994), as well as the
Wnt1-positive ring (Bally-Cuif et al., 1992; Wilkinson et al.,
1987), parallel the mid–hindbrain constriction. The cerebel-
lar primordium, therefore, appears to extend (rostral to
caudal) from the posterior boundary of Otx2 expression
(Millet et al., 1996), through the entire length of the
metencephalon, to include at least part of rhombomere 2
(Marin and Puelles, 1995). Within this newly defined pri-
mordium, Wnt1 transcripts are first seen in 3–4 rows of
cells lying immediately caudal to the posterior limit of
Otx2 expression (Bally-Cuif et al., 1995) and in the dorsal
edge of rhombomere 2 (8.5–14.5 dpc); later within this
primordium, Wnt1 mRNA becomes more pronounced, be-
ing expressed in the upper rhombic lip of the metencepha-
lon (11.5–14.5 dpc) (Bally-Cuif et al., 1992, 1995; Wilkinson
et al., 1987) (arrowhead in Figs. 2d and 2e). As described
earlier, a similar pattern of Flp expression was seen in each
of our Wnt1::Flp transgenic strains.
Precursors to most cerebellar neurons arise throughout
this entire cerebellar field; granule layer neurons, in con-
trast, undergo a restricted developmental scheme, arising
solely from the upper rhombic lip, seemingly coincident
with Wnt1-expressing cells. The upper rhombic lip (also
referred to as the germinal trigone) has been shown to give
rise to a pool of mitotic precursor cells which stream
rostrally up the lip and onto the surface of the forming
cerebellar cortex where they establish a secondary cerebel-
lar neuroepithelium called the external granular layer (Alt-
man and Bayer, 1997; Alvarez Otero et al., 1993; Hallonet
and Le Douarin, 1993; Hatten and Heintz, 1995). Cells of
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FIG. 3. Wnt1::Flp-induced mosaicism detected in embryonic neural tube and adult brain. (a) PCR identification of compound (FRT2/1;
Wnt1::Flp) 10 dpc embryos from two independent crosses. Upper panel, detection of FRT2 alleles using neo-specific primers 91 and 92 (see
Fig. 1c); lower panel, detection of Wnt1::Flp alleles using primers 24 and 25 (see Fig. 2a). Plus (1) signs mark compound embryos. Control
lanes: 1, no DNA; 2, litter 2 parental NcamFRT2/1 tail DNA; 3, litter 1 parental FRT2/1 tail DNA; 4, parental Wnt1::Flp.6831 tail DNA. A
neo tag present in exon 4 of the pWEXP2 expression cassette (Echelard et al., 1993), and therefore our Wnt1::Flp transgene, accounts for the
amplification seen in lane 4, upper panel. (b) PCR detection of recombined alleles is restricted to neural tube-containing tissue.
Amplification using primer pair 74/78 yields products of 3.6, 3, and 0.7 kb, for FRT2, wt, and D, respectively. Upper panel, PCR assay on
neural tube tissue dissected from embryos in a. Products reflecting wt and D are marked; the larger product (3.6 kb) representing FRT2 is
not efficiently amplified under these conditions and therefore not shown. Lower panel, PCR assay on limb buds and viscera. Control lanes:
1, no DNA; 2, litter 2 parental FRT2/1 tail DNA; 3, litter 1 parental FRT2/1 tail DNA; 4, tail DNA from positive control compound
(FRT2/1; hACTB::Flp) mouse. Sagittal illustration of embryo is on left. (c) Detection of Flp-induced mosaicism in DNA isolates from a
compound adult (FRT2/1; Wnt1::Flp.6831). Southern blot analysis using probe 1 on BamHI-digested genomic tissue DNA (10 mg) showing
D alleles (3-kb fragment) only. Lanes: 1, positive control DNA isolated from brain of compound mouse (FRT2/1; hACTB::Flp; as in Fig. 1d,
lane 7); 2, negative control from brain of FRT2/1 sibling; 3, olfactory bulb (ob); 4, cerebral hemispheres, thalamus, and hypothalamus (ch);
5, cerebellar (cb) cortex (c); 6, region containing cerebellar deep nuclei (dn); 7, midbrain (mb); 8, spinal cord (sc); 9, dorsal root ganglia (drg);
10, testes; 11, heart; 12, muscle; 13, small intestine; 14, liver; 15, lung; 16, kidney; 17, skin; 18, thymus; 19, spleen; 20, tail. (d) Southern
detection of Flp-induced mosaicism using an independently derived compound adult (FRT2/1; Wnt1::Flp.5666). Lanes: 1, positive control
as in c; 2, negative control as in c; 3, blank; 4, ch; 5, cb (pooled cortex and deep nuclei); 6, mb; 7, brain stem (bs); 8, sc plus drg; 9, spleen;
10, heart; 11, muscle; 12, small intestine; 13, large intestine; 14, liver; 15, lung; 16, kidney; 17, skin; 18, uterus. (e) PCR/Southern assay
detects additional D alleles in muscle (m) and skin (sk). DNA (0.5 mg) from d was amplified using primers 74/78, followed by Southern
hybridization with 32P-labeled FRT-specific probe 2 (see Fig. 1c). Inadvertently, brain stem (bs) DNA was not added to PCR reaction in lane
7, therefore repeated in lane 19. The 0.7-kb product specific to D is marked on the right. Samples from tail, olfactory bulb, adrenal, and ovary
were negative by this assay (data not shown). Crosses performed using the independent line, TgN(Wnt1::Flp)6831, showed a similar pattern
of mosaicism by PCR (data not shown). Sagittal illustration of adult mouse brain is shown on left, with dashed lines representing planes
of dissection.
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this layer then migrate inward to form an internal layer of
mature granule neurons. Because the rhombic lip appears to
be the major Wnt1-positive (and Wnt1::Flp-positive) region
within the cerebellar primordium, it is possible that the
Wnt1 descendants detected in the adult cerebellar cortex
may in part contribute to granular layer neurons.
CONCLUSIONS
In summary, we have shown how the Flp–FRT recombi-
nation system can be tightly regulated in the mouse embryo
to produce restricted and heritable gene deletions in re-
sponse to transient recombinase expression. This property
makes Flp suitable for fate mapping progenitor populations
in the mouse, similar to the Flp-based methodologies origi-
nally established in Drosophila (Golic and Lindquist, 1989;
Struhl and Basler, 1993). Moreover, we have shown effec-
tive Flp action at an endogenous locus in somatic tissues in
vivo despite previous in vitro evidence that Flp is thermo-
labile (Buchholz et al., 1996). We then used this system to
track a population of Wnt1 descendants into the adult
midbrain, cerebellum, spinal cord, and dorsal root ganglia.
These data suggest that Wnt1-expressing cells not only play
a transient inductive role during early brain regionalization
as previously established (Bally-Cuif and Wassef, 1995;
Joyner, 1996), but also that these cells expand to populate
distinct adult brain regions and at least some neural crest
derivatives. Identification of Wnt1 descendants in mouse
cerebellum, in particular, suggests a role for the Wnt1-
expressing cells, themselves, in the growth and regionaliza-
tion of the cerebellum.
Having demonstrated that the Flp–FRT system can be
used to follow the expansion of progenitor cells during
mouse development, we are currently producing an in situ
reporter that can be irreversibly “switched-on” by Flp so
that these Wnt1-expressing progenitors and their descen-
dant cells can be visualized at single cell resolution. Not
only will this reporter strain provide high-resolution maps
of recombination descendants, but it will also permit a
more precise determination of the in vivo kinetics of Flp
recombination in the embryo. Although certainly more
powerful, such a reporter is less straightforward because its
permanent activation by Flp not only depends on a site-
specific recombination event (as exploited here), but also on
promoter/enhancer sequences which must constitutively
drive reporter expression as cell differentiation and devel-
opment proceeds.
While the Cre–loxP recombination system functions well
in the mouse (Kilby et al., 1993; Zinyk et al., 1998), we
suggest that the Flp–FRT system is a viable and perhaps
advantageous choice for fate-mapping studies in mice for
two reasons: First, its dose–response properties allow tight
regulation of recombinase activity at the transcriptional
level, as shown here, and second, it should be possible to
combine Flp-marked lineages with the many mutations
(Gu et al., 1993; Rossant and Nagy, 1995) and deficiencies
(Ramirez-Solis et al., 1995) currently being generated using
Cre. In this way, gene activities can be assessed directly for
their effect on cell fate, providing much higher resolution
studies of gene function and cell-fate decisions.
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